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A long-established relationship between gold prices and dollar depreciations is based on the law of one price: If gold is denominated in US dollar, dollar depreciations coincide with increasing gold prices in order to eliminate arbitrage opportunities. This identity has been established by Beckers and Soenen [1984] and Sjaastad and Scacciallani [1996] among others. 1 Studies by Capie, Mills and Wood [2005] and Sjaastad [2008] confirm this finding for different dollar exchange rates with the latter study also identifying a causality from dollar movements to the price of gold denominated in different currencies.
In this vein, the present paper contributes to the literature in three different ways: Firstly, we focus on volatility transmission between the gold prices denominated in different currencies and bilateral exchange rates as a novel issue. This is important since both gold and exchange rates are (1) traded at a high frequency and (2) linked to each other through hedge or safe haven features which are related to periods of volatility [Ciner, Gurdgiev and Lucey, 2013] . Secondly, we pay specific attention to the issue of causality, allowing for spillover effects in both directions. The literature is notably silent when it comes to a clarification of the causality issue between gold prices and exchange rates. Considering that exchange rates and gold prices are asset prices, it is reasonable to assume that causalities can go into both directions. 2 Finally, we investigate whether a special pattern for the US dollar can be identified if several gold prices and exchange rates are considered. Pukthuanthong and Roll [2011] have recently shown that the price of gold can be associated with currency depreciation not only for the US dollar but also for other currencies. While they focus on a correlation analysis and Granger causality tests, we investigate whether volatility spillover effects offer a specific role for the United States. To analyze these questions, we estimate a GARCH-in-mean SVAR model in the tradition of Elder [2003] which allows us to estimate the parameters of interest in an internally consistent fashion.
The remainder of this paper is organized as follows: We briefly turn to a review of the most relevant literature in Section 2 before proceeding with a description of our data in Section 3 and of our methodology in Section 4. Section 5 presents our results and Section 6 concludes.
1 In addition, there is a large body of literature on the general role of gold in financial markets. For instance, Gallais-Hamonno, Hoang and Oosterlinck [2015] examine the informational efficiency of the gold market in Paris.
2 Turning to a related topic in terms of causality, evidence for different causalities between dollar exchange rates and oil prices have been provided. This is true for both in-sample causalities as well as out-of sample predictability [Chen, Rogoff and Rossi, 2008; Beckmann and Czudaj, 2013] .
Taking into account the large body of literature on gold prices and exchange rates, we only elaborate on a few selected studies in the following review. Early studies by Capie et al. [2005] and Sjaastad [2008] have examined the hedge property of gold with respect to changes of the US dollar and have shown that dollar exchange rates and gold prices are inversely related with the latter study also identifying a causality from dollar movements to the price of gold denominated in different currencies. More recently, Joy [2011] focused on a sample period covering 1986-2008 for 16 currencies (G7 and emerging markets) on a weekly basis. Applying DCC-GARCH models he confirms the finding that gold acts as a hedge against the dollar. Relying on weekly data from 2000 -2012 , Reboredo [2013 also finds that gold acts as a hedge and a safe haven against the dollar while examining seven major currencies against the dollar (Australian dollar, Canadian dollar, euro, British pound sterling, Japanese yen, Norwegian krona, and Swiss franc) based on standard copula techniques. These insights have been deepened in two follow-up studies in which Reboredo and Rivera-Castro [2014a,b] also examine the safe haven properties of gold for the same seven currencies and the same sample period relying on a likelihood ratio test and a wavelet correlation analysis, respectively. Apergis [2014] also shows that gold is an useful predictor for the Australian dollar. Based on simple cointegration and Granger causality tests Jain and Ghosh [2013] confirm a relationship between gold prices and the Indian rupee-US dollar exchange rate using daily data spanning from January 2009 to December 2011. 3 Studying the relationship between commodities and currencies from a more general perspective, Antonakakis and Kizys [2015] find that gold is the dominant transmitter of volatility spillovers to other commodities and currencies. Recent literature also highlights the role of gold during the crisis period [Bampinas and Panagiotidis, 2015] .
While previous studies have focused on either VAR models applying cointegration and Granger causality tests or GARCH models to analyze causalities and volatility spillovers between gold prices and exchange rates, respectively, we combine both methodologies to achieve further insights. Therefore, we rely on GARCH-in-mean SVAR models in the tradition of Elder [2003] which has the additional advantage that the parameters of interest are estimated internally consistent. To the best of our knowledge, this framework has not been considered to examine causalities and volatility spillovers between gold prices and exchange rates in previous studies. The second empirical contribution of our paper to the existing literature is the fact that we do not restrict our study to bilateral exchange against the US dollar but also consider several other bilateral exchange rates. We see both aspects as fruitful developments of the present literature.
Data
Our sample period covers data from January 1979 to June 2013 on a daily basis. Data on gold prices and bilateral exchange rates is taken from the World Gold Council and Thomson Reuters Datastream, respectively. Gold prices are denominated in the US dollar, British pound sterling, euro, Japanese yen, and Indian rupee 4 and the evolution of these is shown in Figure I for the entire sample period.
Bilateral exchange rates against the other economies are used for each gold price series. In each case, a rise of the exchange rate corresponds to a depreciation of the domestic currency. Table I reports the descriptive statistics for the returns (i.e. first difference of the natural logarithm) of all series included in our study and clearly shows that normality is rejected for each series due to skewness and kurtosis. Table I about here   Table II reports the results for testing the null of a unit root by means of the augmented Dickey-Fuller (ADF) test for both the level and the first difference of each series in logarithmic terms. These show that each series is integrated of order one, i.e. I(1), since in the predominant amount of the cases the unit root null cannot be rejected for the level but for the first difference of a series. In addition, we have also checked each pair (i.e. gold price denominated in local currency and the exchange rate of the local currency against one unit of the other) for cointegration and found that these are not cointegrated 5 due to a bunch of tests [Engle and Granger, 1987; Johansen, 1988; Enders and Siklos, 2001] . 6 Hence, our first result is that (at least for the sample period under observation) there is no stable long-run relationship between gold prices and bilateral exchange rates. This is the reason why our study focuses on short-run effects between these variables and examines causality and volatility spillovers between them. As already mentioned in the previous section, in doing so, we estimate bivariate GARCH-in-mean SVAR models in first differences, which is described in the next section.
Figure I about here
To account for GARCH effects is sensible since we started by estimating linear VAR models and testing for the presence of ARCH effects in the residuals. In each case the null of no ARCH effects has been rejected highly significant with a p-value of 0.00. One focus of our study is to analyze the volatility spillover effect between gold prices and exchange rates, therefore we apply a framework in the tradition of Elder [2003] which allows us to estimate the parameters of interest in an internally consistent fashion. This approach is based on a structural vector autoregression (SVAR) that is modified to accommodate GARCH-in-mean errors. We use the conditional standard deviation of the one-step-ahead forecast error as our measure of volatility [Elder and Serletis, 2010] . Thus, for each gold price and exchange rate pair we consider the following bivariate structural system, which is a linear function of lagged endogenous variables augmented by the conditional standard deviation:
where Y t is a bivariate vector that contains returns of the bilateral exchange rate and the gold price in the corresponding currency, A and Γ i are 2 × 2 coefficient matrices, and ε t |ψ t−1 ∼ iid N (0, H t ).
H 1/2 t is diagonal, Λ(L) is a matrix lag polynomial, and ψ t−1 denotes the time t − 1 information set. 7
This framework allows the conditional standard deviation H 1/2 t to affect the conditional mean of the system. Therefore, to test whether there is an operating volatility transmission between gold prices and exchange rates implies the testing of restrictions on the elements of Λ(L) that, for instance, relate the conditional standard deviation of gold returns (or exchange rate returns) to the conditional mean of Y t .
We model the conditional variance H t by a bivariate GARCH approach in the spirit of Engle and Kroner [1995] :
where h t = vec(H t ), c v denotes a 4-dimensional vector of intercept terms, and F and G are 4 × 4 coefficient matrices. Given that the structural disturbances are not contemporaneously correlated, the conditional variance matrix H t is diagonal and so Equation (2) can be expressed as:
We estimate this bivariate GARCH-in-mean SVAR model, given by Eq. (1) and (3), by means of full information maximum likelihood (FIML), since this procedure avoids generated regressor problems pointed out by Pagan [1984] which would arise if one estimates the variance function parameters separately from the conditional mean parameters [Beckmann and Czudaj, 2014] .
Empirical results
Our empirical findings can be classified into four categories: The impact of gold price volatility and gold price changes on exchange rate changes and the reversed causalities from exchange rates to gold prices. The latter causality has been frequently analyzed in the context of hedge or safe haven functions of gold without incorporating an explicit modeling of volatility shocks. Gold is said to be a weak or strong hedge if it is uncorrelated or negatively correlated with exchange rates on average, respectively [Baur and McDermott, 2010; Beckmann, Berger and Czudaj, 2015] . Table III reports the findings for all estimated GARCH-in-mean SVAR models providing possible causalities between gold prices and exchange rates in terms of statistical significance of lagged exchange rate returns. The empirical pattern for an impact of gold prices on exchange rates is in line with the short-run phenomenon of the hedging property: Exchange rates changes always either have a negative or no significant impact on gold price changes for the first lag, suggesting that either the hedge or safe haven function is at work. However, a positive impact of exchange rate changes is frequently observed over the second lag for the UK and Japan in two out of four cases, for India in all cases and for the US in one case. These results suggest that the short-run property of gold acting as a hedge and a safe haven is not observed for all gold prices and that shocks stemming from dollar exchange rates do not exhibit a specific pattern.
Another important finding corresponds to the impact of exchange rate volatility on gold returns.
There are 7 cases where increasing exchange rate volatility results in negative gold price changes, mirroring a strong hedge function of gold. In none of these cases does the first lag impact of exchange rate changes on gold returns turn out to be significant. Hence, the identification of a strong hedge function of gold requires an explicit modeling of the volatility component. The results also hint at a specific role of the dollar since 4 out of 7 cases mentioned above that imply a strong hedge function stem from dollar exchange rates. In the reverse causation there is no case where a significant impact of dollar exchange rate changes on gold returns is observed.
The results presented in the second column of Table III show that the findings for gold prices on exchange rate changes provide a different pattern. Firstly, the impact of gold price volatility on the exchange rate is ambiguous since both positive and negative coefficients are observed. More importantly, first or second lag gold price changes result in negative exchange rate responses in 13 cases, while a positive impact is only observed in 3 cases. Hence, an increase of the gold price results in an appreciation of the domestic currency in many cases. Once again, the pattern for the dollar is different. A rise of the gold price results in a depreciation of the dollar against the euro and the Japanese yen for the first lag but turn to be negative for the second lag. These findings show that the US dollar is the only currency for which a gold price increase results in a depreciation while an appreciation of the local currency is observed in most other cases. This result is of course based on a daily frequency and does not necessarily contradict the law of one price since we take lagged gold price changes as a starting point. 
Conclusions
Previous research has established a link between gold prices and currency depreciations based on the law of one price without accounting for volatility transmission. Using daily data and explicitly allowing for volatility spillovers, we do not find clear evidence for such a relationship over the very short-run. Exchange rate depreciations have a negative impact on the gold price measured in different currencies after one day which partly turns out to be positive after two days.
Contrary to previous studies, our results point to a specific role of the US dollar in the context of the gold price-exchange rate nexus: Increasing volatility of dollar exchange rates more frequently results in a strong hedging function of gold. Furthermore, the gold price denominated in the US dollar exclusively increases after a depreciation of the dollar. In particular the first aspect might be of relevance from a practical perspective. Volatility of dollar exchange rates can result in substantial losses for investors and the fact that gold is partly able to offset these losses therefore deserves attention in further research. Focusing on investor's utility in a multivariate portfolio framework might for example be an interesting way to proceed.
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Figure I Gold price in five currencies
This figure presents the natural logarithm of daily gold prices in five different currencies from January 1979 to June 2013. Note: This table reports the ADF-test p-values for the levels and first differences of the gold price in five different currencies and all bilateral exchange rates for the US dollar (USD), the British pound sterling (GBP), the euro (EUR), the Japanese yen (JPY), and the Indian rupee (INR). The test regression includes a constant for testing the levels and no deterministic terms for testing the first difference. (For gold prices we have also checked the same null including a constant plus trend into the test regression without changing the overall finding.) The lag length provided in the table as been determined by minimizing the Schwarz information criterion based on the maximum number of lags also reported in the table. Note: This table reports the estimates (with t-statistics in parentheses) of each bivariate GARCH-in-mean SVAR model given in Eq.
Tables
(1), which includes the returns of the bilateral exchange rate and the gold price in the corresponding currency. The first column shows the estimates of the first and second lag of the exchange rate returns as well as their volatility in the gold equation and the second column reports the estimates of the first and second lag of the gold returns and their volatility in the exchange rate equation. All other estimated coefficients such as the reaction to own lagged values and own volatility are not shown to save space, but are available upon request.
